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This paper is the first of a series of two that aim to describe the spatial and temporal variation of
the radiative heating associated with tropical mesoscale convective systems (MCSs). This paper
describes the analysis of data collected in and around a tropical cloud cluster system studied
as part of the Equatorial Mesoscale Experiment (EMEX). The data analysis indicates that the
cluster originated off the northern coast of Australia along the midlevel monsoon trough and
lasted approximately 12 hours. The system moved with a velocity of about 12 m/s toward the
northeast and the low-level surface northwesterly flow at the vicinity of the premonsoon trough
area seems continuously to feed the EMEX 9 cloud cluster with energetic warm, moist equatorial
air. Data obtained from aircraft penetrations show features similar to tropical MCSs reported
elsewhere (such as an area of strong to moderate convection surrounded by a broad region of
stratiform precipitation, radar echo bright band in the stratiform region, “onion” type sounding
behind the convective region). The vertical structures of the EMEX 9 cloud cluster also contain
two types of imbedded convection: an upright vertical structure and a pronounced rearward slope
(approximately 17°), having a vertical extent of 14.5 km and above and a horizontal scale of about
40 km. The cloud base and cloud top altitude in the stratiform region are estimated to be of the
order of 4.8 km and 15 to 16 km, respectively. The composite aircraft shortwave radiation data
from the stratiform region show a significant attenuation of shortwave flux through the cloud (the
estimated transmission is 14% at cloud base). The upward and downward solar flux profiles are
almost parallel to each other in the atmosphere inside and below the cloud base, suggesting very
little solar heating in these regions. The upward and downward infrared radiation fluxes measured

in the tropical MCS also show little infrared heating above and below the cloud cluster.

1. INTRODUCTION

It is generally recognized that most of the weather occur-
ring in the tropics is associated with the passage of the trop-
ical mesoscale convective systems (MCSs) or the so-called
tropical cloud clusters [Hamilton and Archbold, 1945; Ram-
age, 1971; Houze, 1976; Simpson et al., 1988]. These sys-
tems, once formed, last several hours and are thought to pro-
vide significant impacts on the dynamics, thermodynamics,
radiation, and the water budgets of the large-scale atmo-
sphere [Hartmann et al., 1984; Cotton and Anthes, 1989].

Composite studies from field experiments such as the
Barbados Oceanographic and Meteorological Experiment
(BOMEX), the Global Atmospheric Research Program’s At-
lantic Tropical Experiment (GATE), and Winter Monsoon
Experiment (WMONEX) provide a conceptual idea of the
structure of these tropical cloud systems [Nitla and Es-
bensen, 1974; Zipser, 1977; Houze, 1977; Gamache and
Houze, 1982, 1983, 1985; Houze and Rappaport, 1984;
Churchill and Houze, 1984]. From these studies the gen-
eral view of tropical MCSs as characterized by a leading
convective region (order of tens of kilometers) and a trailing
mesoscale stratiformn area (order of hundreds of kilometers)
has emerged. The convective region contains active cumu-
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lonimbus cells with strong, small-scale, nonhydrostatic ver-
tical motion {LeMone, 1983]. These cells tend to merge into
the mesoscale region as they mature. The mesoscale region,
on the other hand, fills with middle to upper tropospheric
stratiform cloud in which gentle broad scale hydrostatic ver-
tical motion exists [Houze, 1982]. Upward motion above the
melting level is thought to be an important source for pre-
cipitation in the mesoscale region [Rutledge, 1986].

The net (latent plus radiative) diabatic heating associ-
ated with these tropical MCSs is an important source of en-
ergy for large-scale tropical motion [Riehl and Malkus, 1958;
Houze, 1982; Hartmann et al., 1984]. A number of studies
[Yamasaki, 1969; Lindzen, 1974; Chang, 1976; Stevens et al.,
1977) of tropical storm movement and propagation based on
wave-CISK theory indicate that the phase speed and the
intensity of the tropical system are very sensitive to the ini-
tial profile of diabatic heating. Houze [1982, 1989], using a
composite vertical motion field and a very crude radiative
heating profile of a composite tropical MCS, estimated that
the net diabatic heating associated with a typical tropical
MCSs is greater above 600-mbar. This estimate, however,
is somewhat inconclusive due to uncertainty in the verti-
cal structure associated with the composite vertical motion
field. The exact shape of this diabatic heating profile still
remains as one of the important research topics in tropical
meteorology.

This paper is the first of a series of two (hereafter re-
ferred to as parts 1 and 2) that aim to describe the spatial
radiation heating/budget (both solar and infrared) associ-
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ated with tropical MCSs and to investigate the change of
this heating/budget through the life cycle of such a cloud
system. The approach to this problem is to use a combi-
nation of cloud model simulations, radiation model simula-
tions, analyses of observations obtained during the Equa-
torial Mesoscale Experiment (EMEX), the Stratosphere-
Troposphere Exchange Program (STEP), and the Aus-
tralian Monsoon Experiment (AMEX) and comparisons to
other studies of similar tropical MCSs. The present paper
provides an overview of the three observational field pro-
grams and the analysis of the EMEX-STEP-AMEX case
study that is the focus of this particular study. These ob-
servations will be used to compare to the results of a cloud
model simulation in part 2 [Wong et al., this issue] where
simulations of the total (solar plus infrared) radiative heat-
ing/budget during the mature phase of the tropical MCS
are presented.

2. OVERVIEW OF THE THREE FIELD PROGRAMS

The observational data used in this study derive from
three different but overlapping field experiments conducted
during January and February 1987 off the northern coast of
Australia. The three programs are the Equatorial Mesoscale
Experiment (EMEX), the Stratosphere-Troposphere Ex-
change Project (STEP), and the Australian Monsoon Exper-
iment (AMEX). These programs provide a unique and valu-
able data set on the structure of maritime tropical MCSs,
the larger-scale environment in which they form, and inter-
actions between the two. Figure 1 offers a simplified and in-
tegrated view of these three field programs. EMEX provides
measurements inside and below the cloud systems; STEP
provides data at levels above the convection; and AMEX
provides the synoptic conditions in which these cloud sys-
tems were imbedded. A brief description of each of these
experiments is given.

2.1. EMEX

The aim of EMEX was to examine the net diabatic
heating associated with equatorial cloud cluster systems by
carefully documenting the vertical and the kinematic mo-
tion structures of these systems [ Webster and Houze, 1991].
The experiment sought to test the hypothesis that evolved
from both GATE and WMONEX, namely, that the vertical
diabatic heating profile in tropical MCSs has a maximum in
the middle to upper troposphere [Houze, 1989]. This pro-
posal stems from the observational studies that condensa-
tional heating in the lower troposphere in the convective
regions of the MCS is offset by the evaporation cooling and
melting of precipitation in the stratiform mesoscale region.
Reinforcement of the heating from condensation and freezing
of moisture in both the convective region and the mesoscale
area, in addition to the radiative heating in the widespread
stratiform clouds, is thought to produce a strong heating
tendency in the middle to upper troposphere.

This idea could not be tested with the conventional syn-
optic sounding data network for the northern Australian re-
gion since the circulation and heating fields of the mesoscale
cloud system could not be resolved by that network. Addi-
tional data platforms, and more extensive observational ar-
rays, were thus provided during EMEX. The primary data
source for the analysis of EMEX cloud clusters were ob-
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tained from aircraft, satellites, and from a ship platform.

Satellite observations provide time continuity and de-
tailed information on the evolution of these tropical MCSs.
These satellite data also provide information about the
larger-scale environment in which these tropical MCSs were
imbedded. Data from three satellites, the visible/infrared
image data from the Japanese GMS 3 geostationary satel-
lite and the visible/infrared AVHRR data from the NOAA
9 and NOAA 10 polar orbitary satellites, were archived for
EMEX [Stephens and Greenwald, 1988].

The research vessel “Xianpyanghong 5” from the Peo-
ple’s Republic of China was located at latitude 10.5° S and
longitude 138° E during the entire EMEX period and pro-
vided vital atmospheric sounding information over the open
ocean using conventional rawinsonde. On board the “Xian-
pyanghong 5” was the NOAA 74 C band 5-cm coherent radar
to allow construction of both the Doppler wind profile and
the radar reflectively field around the vessel. The ship radar
data were limited since many of the tropical MCSs inves-
tigated during EMEX aircraft mission were located outside
the range of the radar.

Three aircraft were used during the experiment: the
NOAA WP-3, the NCAR Electra, and the Australian
CSIRO F-27 [Gamache et al., 1987]. These aircraft facil-
ities were the primary and most important data platform
during EMEX since they can directly penetrate the mar-
itime mesoscale cloud cluster systems. Flight plans of these
aircraft were carefully constructed so that profiles of the ver-
tical and kinematic motion in both the convective and the
stratiform regions could be documented or determined as
well as the radiative flux profiles in the mesoscale stratiform
area. These aircraft were low-altitude platforms primarily
used for probing the atmosphere below 8 km. Each aircraft
was equipped with a suite of instruments to measure the
dynamic, thermodynamic, and radiative properties of the
atmosphere. In addition, Particles Measurement System
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Fig. 1. A schematic of the synergism among EMEX, STEP, and
AMEX.
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(PMS) cloud microphysical measurements were also made
on WP-3 and Electra. These PMS cloud microphysical data,
however, have not been extensitively analyzed. The WP-3
was also equipped with a lower fuselage C band 5-cm nonco-
herent radar and a tail X band 3-cm coherent radar for both
horizontal reflectivity scans (PPI) and vertical reflectivity
scans (RHI), respectively. These radars provide a way of
tracing and reconstructing cloud hydrometeors field at/near
the aircraft’s location as well as Doppler motion field of the
atmosphere surrounding the aircraft itself.

A total of 10 research aircraft missions and 1 intercom-
parison calibration mission were conducted during EMEX
between January 14 and February 4, 1987. A summary
of these aircraft missions and the large-scale environmen-
tal condition during the entire EMEX experiment can be
found in the work of Webster and Houze [1991].

2.2. STEP

The NASA STEP was an experiment designed to mea-
sure the physical and chemical properties in the tropopause
region of the atmosphere and to understand the mechanisms
that contribute to the chemical transports between the up-
per troposphere and the lower stratosphere. A key physi-
cal process under investigation concerns the role that cirrus
anvil clouds play, if any, in the drying of the lower strato-
sphere [i.e., Danielson, 1982]. To investigate these processes,
the NASA ER-2 aircraft, which was equipped with instru-
ments that provided dynamical, thermodynamical, radia-
tive, and cloud microphysical measurements of the upper
troposphere and lower stratosphere, was used. Only the ra-
diative data from ER-2 are used in this study to provide esti-
mates of the upper level radiative boundary conditions at in-
frared wavelengths. Among the radiative instruments on the
ER-2 are two broadband solar pyranometers (0.3-3.0 pm)
and one rotating net flux infrared (4-40 pym) pyrgeometer.
The pyranometers were located at the top and bottom of
the fuselage to measure the downward and upward solar
fluxes, respectively. These shortwave instruments, however,
were mounted at an angle relative to the aircraft’s plane of
reference which makes the calibration correction somewhat
difficult. The net infrared instrument protruded from the
rear of one wing. These radiometers allow the calculation
of heating rates in various layers of the atmosphere within
or above the cloud top of the cirrus anvils. The ER-2 flew
step flight paths at several different altitudes ranging from
cloud top to the lower stratosphere between approximately
16 and 20 km.

2.9. AMEX

AMEX was a field experiment designed to study the
Australian monsoon system during the northern winter and
to improve the understanding on the interactions between
the large-scale circulation and the maritime convection that
occurs during the monsoon period [Holland et. al., 1986].
These tropical MCSs are generally characterized by convec-
tive cloud bands and rainy weather. They are also formed
in a region of lower tropospheric westerlies. This program
was sponsored by the Australian Bureau of Meteorology Re-
search Center (BMRC) for the period between January 10
and February 14, 1987.

In addition to the normal sounding stations a special
sounding and surface synoptic network (reported every 4
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hours) was established so that the weather systems in the
Australian monsoon could be documented and the interac-
tion between the cloud clusters and the large-scale flow di-
agnosed. Besides these observations, temperature and wind
data retrieved from satellite and aircraft data were also col-
lected and included in an objective analysis scheme provided
by the BMRC to produce a set of synoptic data fields with
1.25° resolution for the entire AMEX period. Other data
collected during AMEX also included information from the
conventional ground-based noncoherent radar from Darwin,
Gove, and Weipa.

3. LARGE-SCALE ENVIRONMENT OF THE EMEX 9
CASE STUDY

This study focuses on a MCS that developed during
EMEX mission 9 between February 2 and 3, 1987. On
February 2, 1987, a cloud cluster system was observed to
move into the observational area of EMEX off the northern
Australian coast. All four aircraft (WP-3, Electra, F-27,
and ER-2) were dispatched into the area to document the
cloud cluster system. This aircraft mission provided an ex-
cellent opportunity for studying the radiative budgets of the
tropical mesoscale convective system. In this and the follow-
ing section we will describe and analyze both the large-scale
observations (i.e., AMEX synoptic data and EMEX satellite
measurements) and the in-cloud measurements (i.e., EMEX
and STEP aircraft data) associated with this cloud cluster
system. The information obtained below will be used to set
up and to verify the numerical cloud simulation in part 2 of
this paper.

8.1. The Large-Scale Environment

The synoptic conditions prevailing over the AMEX area
at 2300 UTC (0916 LST), February 2, 1987, are presented
in Figures 2¢ and 2b in the form of the 500-mbar stream-
line and geopotential height field. The significant features
of these fields are the strong cyclonic vortex associated with
tropical cyclone Damina located off the west coast of Aus-
tralia, the strong anticyclonic New Guinea vortex [Webster
and Houze, 1991] stationed off the west coast of New Guinea
island, and a strong midlevel westerly monsoon trough that
extends from the northern Australian continent and across
into New Guinea. This intense midlevel monsoon trough
extended to the surface and presumably provided the neces-
sary lifting mechanism for the formation of the MCS identi-
fied as the EMEX 9 cloud cluster. The large-scale synoptic
vortex pair, the New Guinea anticyclone, and the Australian
low or tropical cyclone, was also a common feature during
other EMEX missions. The strength and location of these
vortices may be strongly correlated to the beginning of the
strengthening monsoon westerlies and the inception of the
mesoscale convective activities during EMEX [Webster and
Houze, 1991].

The wind profile north of the Gulf of Carpentaria is dom-
inated by lower-level westerlies backing (counterclockwise
rotation) with height into stronger easterlies aloft. This is
apparent when the surface and the 100-mbar streamlines,
shown in Figure 2¢ and 2d, are compared. Wind speeds
exceeding 40 knots exist in the upper troposphere. In the
vicinity of the premonsoon trough (i.e, region to the west of
the monsoon trough), low-level surface northwesterly flow
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Fig. 2a. The 500-mbar streamline pattern at 2300 UTC on Febru-
ary 2, 1987 over the AMEX region.

Fig. 2b. Same as Figure 2a but for the 500-mbar geopotential
height field.
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Fig. 2c. Same as Figure 2a but for the surface streamline pattern.

helped feed the cloud cluster with warm, moist equatorial
air. The equivalent potential temperature field in Figure 2e
has a minimum at 850-mbar surface located over the mon-
soon trough. We speculate that this feature results directly
from the presence of the cloud cluster which acts to warm
and dry out the lower troposphere.

3.2. Satellite Image Analysis of the Cloud Life Cycle

The series of enhanced infrared GMS satellite images
shown in Figure 3 provides a sense of the life history of the
EMEX 9 MCS. The image of Figure 3a suggests that the
EMEX 9 cloud cluster originated off the northern coast of
Australia along the midlevel monsoon trough before 1530
UTC (0146 LST) on February 2, 1987. This early morning
development in mesoscale cloud system is a typical noctur-
nal characteristic of this oceanic region, which lies between
the land masses of the maritime continent [Williams and
Houze, 1987]. This cloud cluster system propagated along
the monsoon trough and lasted for approximately 12 hours.
The estimated speed and direction of propagation of the
system, based on cloud motion analysis from these satellite

Fig. 2d. Same as Figure 2¢ but for the 100-mbar streamline
pattern.

850MB THETAE 23Z 02/02/87

Fig. 2e. Same as Figure 2a but for the 850-mbar equivalent
potential temperature field.
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Fig. 3. GMS infrared satellite image at (&) 1530 UTC, February 2, 1987, (b) 1730 UTC, February 2, 1987, (c) 2030 UTC, February
2, 1987, (d) 2330 UTC, February 2, 1987, and (e) 0230 UTC, February 3, 1987 over the EMEX region. Cloud tops colder than
-55° C are enhanced in the image.

images, is about 12 m/s toward the northeast. The MCS 3b, and had moved out into the open ocean. Cloud cluster
was fully developed by 1730 UTC (0346 LST), as suggested scale interactions are evident in the 2030 UTC (0646 LST)
by the broad area of cold cloud top temperatures in Figure image (Figure 3¢) as the EMEX 9 cloud cluster merged with
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another cluster that had formed in the Gulf of Carpentaria.
This merger seems to enhance the circulation in the MCS,
as indicated by the extensive area of cold cloud top tempera-
ture, and presumably extends the life cycle of the convection.
This particular cluster-cluster interaction is not investigated
in this study and the model simulation in part 2 of this pa-
per is only of the earlier phase of the MCS. At 2330 UTC
(0946 LST), shown in Figure 3d, the EMEX 9 cloud clus-
ter is centered at latitude 9° S and longitude 139° E with a
minimum recorded cloud top temperature less than -70° C.
According to the Darwin temperature sounding data taken
at 2300 UTC, this cold cloud top temperature indicates that
the vertical extent of this cloud system had penetrated well
into the 150-mbar (15 km) height surface. Furthermore, the
satellite data reveal an extended area of cirrus cloud in the
cloud cluster with cloud top temperatures less than -60° C.
The EMEX 9 cloud cluster had slowly decayed by 0230 UTC
{1246 LST) on February 3, 1987 (Figure 3e) as it approached

the coastal area of New Guinea island.

4. EMEX 9 AIRCRAFT DATA

Aircraft measurements collected during EMEX 9 pro-
vide important information on the vertical motion, kine-
matic structures, and radiation profile within maritime trop-
ical monsoon cloud systems. In the following sections we will
discuss the findings concerning the insitu data from the ra-
diation sounding period and the Doppler radar data from
the convective/transition and the stratiform period of the
aircraft mission.

4.1. Date From Convective/Transition
and Stratiform Period

The determination and documentation of the verti-
cal motion and kinematic structure in both the convective
and the stratiform region of the tropical MCSs is the most
important objective of the EMEX experiment. This objec-
tive was accomplished through the use of airborne Doppler
radar system on the NOAA WP-3 aircraft. During the con-
vective/transition and stratiform periods of the aircraft mis-
sion the WP-3 flight plan calls for a series of Doppler legs
flight pattern, which flies back and forth at 60° angle with
each other directly across the area of interests. The advan-
tage of this special pattern is that it allows for reconstruc-
tion of the temporal composite pseudodual Doppler wind
fields as well as produces a temporal composite of the ver-
tical velocity profile. For EXEM 9 this flight pattern was
performed at an altitude of about 5 km. The discussion be-
low is a brief summary of the results published by Webster
and Houze [1991] on the Doppler data collected from WP-
3 aircraft during the convective/transition period (2040 to
2201 UTC) and the stratiform period (2302 to 2350 UTC)
on February 2, 1987. These results are presented here as
they are relevant to our model simulations described in part
2 of this paper.

The noncoherent lower-fuselage radar data collected for
the EMEX 9 cloud cluster during the convective/transition
period showed regions of strong to moderate convection
surrounded by a broad area of stratiform precipitation.
The WP-3 vertical incidence Doppler radar reflectivity data
recorded from the tail radar during this period indicated
two types of imbedded convection associated with this cloud
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cluster system: an upright vertical structure (illustrated in
Figure 4a) and a pronounced rearward slope (shown in Fig-
ure 5a¢). The angle of this rearward sloping convection is
about 17°. Both of these types of convection extend up
to 14.5 km and above and have a horizontal scale of about
40 km according to the figures. The vertical motion fields
retrieved from the incidence Doppler velocity data showed
that the upright convection was composed of relatively weak
upper level upward and downward motion fields (shown in
Figure 4b). The vertical motion fields for the pronounced
rearward sloping convection (shown in Figure 5b), on the
other hand, possesses much stronger updrafts. The maxi-
mum updraft for this squall-line-like convection is found at
about 10 km. Strong downdrafts are also present in the
lower troposphere ahead of the strong updraft aloft and are
a feature characteristic of a sloping system. The contrasting
radar data collected during the stratiform precipitation pe-
riod is shown in Figure 6. In comparison to the convective
region the radar reflectivity data in the stratiform region
indicate a relatively more uniform precipitation field with a
bright band echo region near the freezing level (between 4
and 4.5 km), which are typical features to both tropical and
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Fig. 4. Time-height section of vertically pointing data from the
NOAA WP-3 tail radar for the convective region of EMEX 9 cloud
cluster showing upright vertical structure. (a) Radar reflectivity
(dBZ) and (b) Doppler vertical velocity of precipitation particles
(m/s: solid contours +1, +3; dashed contour -4). From Webster
and Houze [1991].



WONG ET AL.: RADIATIVE BUDGETS OF A MESOSCALE CONVECTIVE SYSTEM, 1

15! L I i i i 1 " 1 s I i 1

0 10 20 30 40 50 60
Distance along flight track (km)

15 . 1 i 1 1 1
(b)
o
19
Ewo— o
=
£ ] ‘
2 Fallar
2 ——
4 e " s
0 T T T T T T
0 30 40 50 60

Distance along flight track (km)

Fig. 5. Time-height section of vertically pointing data from the
NOAA WP-3 tail radar for the convective region of EMEX 9
cloud cluster showing pronounced rearward slope. (a) Radar re-
flectivity (dBZ) and (b) Doppler vertical velocity of precipitation
particles (m/s: solid contours +1, 43, 4+5, and +7; dashed con-
tour -4 (above melting level only), -10; filled areas < -12 m/s).
From Webster and Houze [1991].

mid-latitude mesoscale cloud system f{i.e., Houze, 1977; and
Srivastava et. al., 19806].

4.2.Data From the Radiation Sounding Period

Estimation of the total (solar plus infrared) radiation
budget in the widespread stratiform region of the cloud sys-
tem was another primary objective of EMEX. EMEX pro-
posed to accomplish this, in part, using measurements from
the WP-3 aircraft operating in a special radiation survey
pattern. This flight pattern consists of 5 min straight and
level legs of approximately 40 km in length flown in a stair-
step fashion, with each leg directly below the previous one.
Since the entire radiation sounding flight pattern took ap-
proximately 1 hour to complete, the aircraft measurements
at each level were actually taken at slightly different loca-
tions to account for cloud cluster movement during this pe-
riod. Insitu data collected by the aircraft during this radi-
ation sounding period are used in this study to reconstruct
the mean vertical profiles of radiation, dynamic, and ther-
modynamic fields of the atmosphere in and below the strat-
iform cloud region by assuming that the structures of the

8689

stratiform cloud remained relatively unchanged over the en-
tire 1-hour sounding period. This assumption is not always
upheld since solar insolation varied during the period of the
sounding although its validity may be reasonable in the dy-
namically weak stratiform region. The WP-3 flight pattern
during EMEX 9 began at the highest altitude of 6.8 km at
0026 UTC (1042 LST) and ended at about 1.3 km at 0117
UTC (1133 LST) on February 3, 1987. The data collected
during this time represents atmospheric conditions of the
stratiform region during the later stage in the life cycle of
the EMEX 9 cloud system. Only the radiation fields in and
below the stratiform cloud were measured by the WP-3. Ra-
diation fields above cloud top measured by the NASA ER-2
aircraft were used to complete the cloud radiation budgets
in the stratiform region.

Figure T provides a composite of the vertical profile of
the observed dynamical and thermodynamical fields aver-
aged over each flight leg during the WP-3 radiation survey
period in the stratiform region of the EMEX 9 cloud clus-
ter. The temperature and dew point profiles show a typical
“onion” type sounding found to the rear of the convective
system. This onion type sounding is a consequence of the
subsidence warming below the cloud base which tends both
to warm and to dry the air and therefore amplify the sep-
aration between the temperature and the dew point curves
in the sounding [Zipser, 1977]. The cloud base altitude at
4.8 km is determined when the air at a particular level is
completely saturated with respect to the ambient air tem-
perature in the WP-3 sounding. The cloud top altitude is
estimated from matching the Darwin temperature sounding
data with the GMS cloud top infrared brightness temper-
ature and is determined to be between 15 and 16 km. A
middle to low-level rear to front flow is also observed in the
mean sounding with a maximum value of 19 m/s at about
750-mbar. This flow is consistent with early findings by
Johnson and Hamailton [1988] and by Doppler radar data
for mid-latitude MCS. The mean vertical profile of verti-
cal velocity field (solid line in Figure 7b), calculated from
both the WP-3 aircraft’s vertical acceleration and the navi-
gation data, shows downward vertical motion at and below
the melting level (4.8 km) and upward vertical motion 2 km
above this level. This is also consistent with the results de-
rived from GATE and winter MONEX [i.e., Houze, 1982;
Johnson, 1982]. The effects of the downward motion below
the freezing level are also evident in the mean temperature
sounding in Figure 7a. The lapse rate below the cloud base
in Figure 7e lies somewhere between a dry and moist adia-
bat which is indicative that mixing of moist cloud air with
drier environmental air below the cloud base has occurred
as air slowly descends below the freezing level. The mean
vertical profile of cloud liquid water content obtained with
the Johnson-Williams hot wire probe is also shown in Figure
7b (dashed line). This profile indicates that cloud liquid wa-
ter generally increases with height to the freezing level and
slowly decreases above this level as water freezes to form ice
particles. The maximum cloud liquid water content recorded
in the stratiform region is of the order of 0.4 g/m?.

Figure 8 presents a composite of the radiation measure-
ments averaged over each flight leg. Because of the variation
of the solar fluxes with time due to changes in the solar el-
evation the solar fluxes are normalized relative to the mean
time of the WP-3 radiation profile at 0050 UTC (1106 LST)
on February 3, 1987. We performed this normalization using
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Fig. 6. Vertical cross section of radar reflectivity (dBZ) from the NOAA WP-3 for the stratiform region of EMEX 9 cloud cluster
showing relatively uniform horizontal structures. From Webster and Houze [1991].
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Fig. 8. The reconstructed vertical profiles of the observed radia-
tion fields (infrared and shortwave) in the stratiform region of the
EMEX 9 cloud cluster from the NOAA WP-3 and the NASA ER-
2 aircraft. The solar measurements are normalized to 0050 UTC
on February 3, 1987. The actual radiation observations are given
by various symbols (i.e., open circle for upward infrared flux, solid
circle for downward infrared flux, triangle for upward shortwave
flux, and square for downward shortwave flux) on the graph. Sim-
ple linear interpolation and extrapolation schemes have been used
to connect the data points on the graph together (i.e., solid line
for upward infrared flux, dashed line for downward infrared flux,
dotted line for upward shortwave flux, and dotted-dashed line for
downward shortwave flux).
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an appropriately chosen factor that relates the ratio of the
cosine of the solar zenith angle at the time of observation to
the cosine of the solar zenith angle at 0050 UTC (1106 LST).
While the measurements above the cloud top were taken
by the NASA ER-2 high-altitude aircraft above altitudes
of 16 km, the measurements inside and beneath the tropical
MCS at altitudes below 7 km were obtained from the NOAA
WP-3 aircraft between 0026 and 0117 UTC. Cloud top and
cloud base level were determined from methods mentioned
above. There are no data in the region between 7 and 16 km
and a simple linear interpolation is used merely to connect
the data. A linear extrapolation is also applied to extend
radiation profiles to the surface. The shortwave radiation
measurements from the ER-2 are not used in this composite
due to calibration problem with the shortwave instrument
as mentioned in the earlier section. Instead, the two-stream
radiation model discussed in part 2 of this paper is used to
give the best estimate of the downward flux of shortwave
radiation at cloud top.

The shortwave analysis values indicated on Figure 8 shows
a significant attenuation of shortwave flux through the cloud
(the estimated transmission is 14% at cloud base for the ex-
ample shown). The upward and downward solar flux profiles
are almost parallel to each other in the atmosphere inside
and below the cloud base, suggesting very little solar heat-
ing in these regions. The upward and downward infrared
radiation fluxes measured in the tropical MCS also show
features similar to those of the solar fluxes. We infer lit-
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tle infrared heating above and below the cloud since the
upward and downward infrared profiles are approximately
parallel to each other. The measured infrared fluxes are
also close to the blackbody fluxes in the region from 4.8 to
6.8 km, but the upward and downward fluxes diverge at lev-
els both above and below the inner blackbody layer of the
cloud. Unfortunately, the level at which the profiles diverge
from the blackbody profile could not be estimated from the
data and therefore we cannot estimate from observations the
depth to which the longwave cooling penetrates into cloud
top or the height to which longwave heating extends above
the cloud base. However, the data do suggest the expected
general trend of cloud top infrared cooling and cloud base
longwave heating. The upward calculated infrared flux at
the cloud top is associated with brightness temperature of
about -60° C which is broadly consistent with the GMS in-
frared satellite brightness temperature from 2300 and 0230
UTC. There is also significant variability in the radiation
data (not shown). The solar fluxes vary more than infrared
fluxes since they are more sensitive to the broken cloudiness.

5. SUMMARY

This paper describes the analysis of observations collected
during EMEX mission 9 of a tropical cloud cluster which
occurred during the EMEX-STEP-AMEX experiments on
February 2 and February 3, 1987, over the Gulf of Carpen-
taria off the northern coast of Australia. The gross features
of the mesoscale cloud system and the large-scale environ-
ment in which it forms include the following;:

1. The large-scale weather pattern over the AMEX re-
gion for this case study is dominated by the strong cyclonic
vortex of tropical cyclone Damina off the west coast of Aus-
tralia, a strong vortex over the west coast of New Guinea,
and a strong midlevel westerly monsoon trough that extends
from the northern Australian continent and across into New
Guinea. The large-scale wind profile in the region is marked
by lower-level westerlies backing with height into stronger
easterlies aloft. Low-level surface northwesterly flow in the
vicinity of the premonsoon trough area seems to continu-
ously feed the EMEX 9 cloud cluster with energetic warm,
moist equatorial air. A minimum in equivalent potential
temperature field at 850-mbar in the synoptic data also sug-
gests the warming and drying effects produced with this
tropical cloud system.

2. The satellite image time series analysis of the cloud
system life cycle for this case suggests that the EMEX 9
cloud cluster originated off the northern coast of Australia
along the midlevel monsoon trough during early morning
hours. The cloud cluster then propagated along the mon-
soon trough with system velocity of about 12 m/s toward
the northeast. Cloud cluster scale interactions are also evi-
dent during this period as the EMEX 9 cloud system merged
with another cluster that formed in the Gulf of Carpentaria.
The mature stage of the system possesses an extended area
of cirrus cloud well above 15 km.

Aircraft measurements within the cloud system revealed
the following properties of the MCS:

1. Aircraft radar data collected during the convec-
tive/transition regions of the cloud system show areas of
strong to moderate convection surrounded by a broad region
of stratiform precipitation. The vertical structures of the
cloud hydrometeor fields and vertical air motion retrieved
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from the vertical incidence Doppler radar data indicate two
types of imbedded convection: an upright vertical structure
and a pronounced rearward slope (approximately 17°), hav-
ing a vertical extent in excess of 14.5 km and a horizontal
scale of about 40 km. While the vertical motion fields for
the upright vertical structured convection were composed of
relatively weak upper level upward and downward motions,
the vertical motions associated with the rearward sloping
convection possess much stronger updrafts with maximum
updraft located at about 10 km. Strong downdrafts are also
present in the lower troposphere ahead of this strong updraft
aloft and is a feature characteristic of a sloping system. In
comparison to the convective region the radar reflectivity
data in the stratiform region indicate a relatively more uni-
form precipitation field with a bright band echo region near
the freezing level (between 4 and 4.5 km), which are typical
features of both tropical and mid-latitude mesoscale cloud
systems.

2. The composited vertical profiles of insitu thermody-
namical parameters in the stratiform region show a typical
“onion” type sounding to the rear of the convective system,
which is a consequence of the subsidence warming and dry-
ing below the cloud base. The cloud base altitude at 4.8
km determined using insitu temperature and moisture data
during this period is consistent with the radar bright band
echo region.

3. The cloud top altitude in this region is estimated by
matching the Darwin temperature sounding data with the
GMS cloud top infrared brightness temperature and is de-
termined to be between 15 and 16 km.

4. The mean vertical profile of cloud liquid water content
indicates that cloud liquid water generally increases with
height to the freezing level and slowly decreases above this
level as water freezes to form ice particles. The maximum
cloud liquid water content recorded in the stratiform region
is of the order of 0.4 g/m>.

5. A middle- to low-level rear to front flow is also ob-
served in the mean sounding with a maximum value of 19
m/s at 750-mbar consistent with findings for mid-latitude
MCS. The mean vertical profile of vertical velocity field
shows downward vertical motion at and below the melting
level (4.8 km) and upward vertical motion 2 km above this
level. These results are also consistent with the earlier pub-
lished results.

6. The composited shortwave analysis shows a signifi-
cant attenuation of shortwave flux through the stratiform
region of the cloud (the estimated transmission is 14% at
cloud base). The upward and downward solar flux profiles
are almost parallel to each other in the atmosphere inside
and below the cloud base, suggesting very little solar heat-
ing in these regions. The upward and downward infrared
radiation fluxes measured in the tropical MCS also show
features similar to those of the solar fluxes. We infer little
infrared heating above and below the cloud since the upward
and downward infrared profiles are approximately parallel to
each other.
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